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Global-scale nitrogen (N) budgets developed to quantify anthropogenic impacts on the nitrogen 23 
cycle do not explicitly consider nitrate stored in the vadose zone.  Here we show that the vadose 24 
zone is an important store of nitrate which should be considered in future budgets for effective 25 
policymaking.  Using estimates of groundwater depth and nitrate leaching for 1900-2000, we 26 
quantify the peak global storage of nitrate in the vadose zone as 605 - 1814 Teragrams (Tg).  27 
Estimates of nitrate storage are validated using basin and national scale estimates and observed 28 
groundwater nitrate data.  Nitrate storage per unit area is greatest in North America, China and 29 
Europe where there are thick vadose zones and extensive historical agriculture.  In these areas long 30 
travel times in the vadose zone may delay the impact of changes in agricultural practices on 31 
groundwater quality. We argue that in these areas use of conventional nitrogen budget approaches 32 
is inappropriate.  33 
Introduction 34 
 35 
It is estimated that inputs of reactive nitrogen into the terrestrial biosphere are currently more than 36 
double pre-industrial levels due to modern agricultural practices and application of N fertilisers1.    37 
Reactive nitrogen cascades through the environment and has resulted in deterioration in quality of 38 
groundwater and surface water used for public supply2 and ecological degradation of freshwater and 39 
marine systems3.  In order to manage the impacts of additional reactive nitrogen, N budgets have been 40 
developed at a wide range of scales to quantify man’s impact on the N cycle1,4,5.  These budgets 41 
typically assume a steady state over a 1 year timescale, with no net accumulation of N.  However, 42 
recent work at both national and catchment scales has shown this to be inappropriate, as there can 43 
be substantial (and increasing) storage of nitrate in soils, the vadose zone and groundwater6-9.  The 44 
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slow travel time for solutes through the vadose zone means that significant amounts of dissolved 45 
reactive N may be stored.  This also results in a significant lag between any changes in agricultural 46 
practices to reduce nitrogen loadings and subsequent impacts on groundwater and surface water 47 
quality10.  Whilst the problems associated with time lag and storage of nitrate in the vadose zone have 48 
been identified at local11-18, regional19-21 and national scales9,10,22-24, the global significance of these 49 
processes has not yet been quantified.  In this study we hypothesised that long travel times in the 50 
vadose zone make it an important store of nitrate not considered at a global scale to date. 51 
 52 
We quantified the nitrate stored in the vadose zone globally by linking numerical models and 53 
published datasets of nitrate leaching25, depth to groundwater26, recharge rate and porosity27 (see 54 
Methods section).   We considered the sensitivity of model outputs to changes in model inputs by 55 
varying nitrate leaching inputs, vadose zone effective saturation and travel time. Results are 56 
aggregated by lithology and basins and analysed using k-means cluster analysis28.  The model was 57 
validated by comparing the model storage against previous national and catchment scale vadose zone 58 
storage estimates6,9 and by comparing model nitrate concentrations in recharge at the water table 59 
with observed concentrations in Europe29 and the USA30.  It is shown that the vadose zone is an 60 
important store of nitrate at the global scale, with significant storage in areas with extensive historical 61 
agricultural development and large depths to groundwater.  Use of conventional N budgets in these 62 
areas is likely to be highly limited and policymakers should consider vadose zone nitrate storage when 63 








Global spatiotemporal distribution of vadose zone nitrate 70 
 71 
Our modelling shows a substantial continuous increase in the amount of nitrate stored in the vadose 72 
zone (Figure 1). This implies the steady state assumption adopted by conventional nutrient budgets is 73 
not appropriate at relatively short timescales (<50 years).    Based on the sensitivity analysis, for the 74 
year 2000 we estimate the total global storage to be between 605 and 1814 Tg N (Figure 1).   The 75 
range of values of nitrate storage associated with uncertainty in nitrate leaching inputs (605 and 1814 76 
Tg N) is significantly greater than that for uncertainty in unsaturated zone travel time (1007 – 1496 Tg 77 
N) or vadose zone saturation (778 – 1227 Tg N).  Modelled estimates of nitrate stored in carbonate 78 
vadose zones are estimated to be 9.6% (58 – 174 Tg) of total N storage. In these areas rapid transport 79 
may occur and observed storage may be limited due to low matrix porosity, and consequently model 80 
estimates are likely to be overestimates. Total vadose zone N storage is small (<3%) in comparison to 81 
estimates of total soil nitrogen (68,00031 – 280,00032 Tg N), but potentially significant (7 – 200%) in 82 
comparison to estimates of more labile soil inorganic nitrogen (NO3- + NH4+, 94031 – 25,00032 Tg).  The 83 
modelled spatio-temporal distribution of nitrate stored in the vadose zone (Figure 2) shows 84 
substantial increases between 1950 and 2000 associated with increased global use of N fertilizers and 85 
subsequent leaching.  Basins in North America, China and Central and Eastern Europe have developed 86 
large amounts of nitrate stored in the vadose zone due to thick vadose zones, slow travel times and 87 
high nitrate loadings.   88 
 89 
Comparisons between estimates of nitrate storage made in this study with previous works go some 90 
way to validating the modelling undertaken.  Previous studies have derived the amount of nitrate 91 
stored in the vadose zone for the Thames Basin6,9 England and for the countries of England and Wales 92 
and the USA9. The calculated peak store of 0.059 Tg N for the Thames catchment in this study agrees 93 
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broadly with the range of peak nitrate storage values reported in previous work in this area (0.016 – 94 
0.24 Tg N).  For England and Wales, we calculated a peak store of 1.7 Tg N which agrees with previous 95 
calculations estimating the store to be 0.8 – 1.75 Tg N.  For the USA, a first estimate of 29 Tg N was 96 
previously made9 and our modelling suggests a store of 191 Tg N.  This large discrepancy can be 97 
accounted for by the modelling approach of the previous study which only considered land areas 98 
where agriculture was greater than 40% of the overall landuse. 99 
 100 
The distributions of observed groundwater nitrate concentrations and modelled concentrations in 101 
groundwater recharge show reasonably good agreement for both European Union and United States 102 
(Figure 3).  It should be noted that comparison between observed groundwater concentrations and 103 
concentrations in recharge do not take into account dilution of recharge by low-nitrate groundwater.  104 
Consequently, comparison between these datasets should be considered to be a sense-check, but 105 
nonetheless useful, validation.  The distributions of nitrate concentrations in the USA appear to be 106 
closer which reflects the much larger observational dataset for the USA than for Europe (see 107 
Methods). 108 
 109 
Coherent basin scale nitrate storage trends 110 
 111 
k-means cluster analysis revealed 3 spatially coherent responses in basin nitrate storage (Figure 4 a 112 
and b) reflecting differences in vadose zone travel time (c) and nitrate leaching inputs (d).  In all the 113 
clusters, the time taken for the impact of stopping N leaching inputs from the base of the soil zone 114 
(i.e. Nleach = 0, see Methods) to reach groundwater (Nout = 0) will equal the vadose zone travel time.  115 
The majority of basins fall within clusters 1 and 2.  These clusters show a continuous increase in the 116 
nitrate stored in the vadose zone. The vadose zones in basins in these clusters accumulate nitrate with 117 
no loss to groundwater as the travel time through the vadose zone is long (Figure 4 c) due to deep 118 
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water tables and low recharge rates.  In these catchments some legacy nitrate may not have reached 119 
the water table yet and anticipated improvements in groundwater and surface water quality due to 120 
catchment management may be significantly delayed.  It should also be noted that there may also be 121 
significant lags in the saturated zone between recharge at the water table and discharge at receptors 122 
such as public water supply wells and streams where there are long groundwater flow paths.  123 
Additionally, in some areas where groundwater recharge is estimated to be very low, modelled 124 
estimates of vadose zone nitrate are likely to represent storage in both the soil and vadose zone.  125 
 126 
Cluster 3 shows a substantially different nitrate storage response to the other clusters.  This is a result 127 
of shorter vadose zone travel times. In these basins, storage rapidly increases initially until the travel 128 
time is reached and nitrate is present across the full depth of the vadose zone.  After this point the 129 
basin moves to a quasi-steady state where any input of nitrate from the base of the soil zone is 130 
accompanied by an equivalent loss from the base of the vadose zone to groundwater.  This dynamic 131 
balance results in minimal increases in nitrate storage and a relatively rapid response to changes in N 132 
loadings in comparison to other clusters.  In these catchments, nitrate loss at the base of the soil zone 133 
> 10 years ago is likely to now be present in groundwater.  134 
 135 
The nitrate leaching time series for each cluster (Figure 4 d) show distinct differences associated with 136 
the extent of historical agricultural and population development.  Cluster 1 shows a continuous 137 
increase in nitrate leaching inputs through time associated with increased development and 138 
intensification of agricultural to maximise crop yields.  Basins in cluster 1 form a spatially coherent 139 
pattern, covering large parts of the developing world including Africa, Southeast Asia and South 140 
America.  Cluster 2 shows an increase in nitrate leaching to c. 1985, followed by decreases to 2000.  141 
Such an input can be characterised by historical agricultural development followed by implementation 142 
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of catchment measures to reduce nitrate losses in the last decade.  Spatially this cluster reflects large 143 
parts of the developed world including the USA and Europe.  The nitrate leaching time series for cluster 144 
3 shows significant variability associated with the small number of catchments averaged but generally 145 
shows an increase to 2000. Recent studies have shown evidence that nitrogen losses from agriculture 146 
follow an Environmental Kutznets Curve (EKC), with a number of developed countries having reduced 147 
nitrogen losses since the 1980s associated with increased GDP33.  The spatiotemporal patterns of 148 





There is a well-established discourse on the balance between increasing agricultural productivity to 154 
improve human health and feed growing populations and the negative impact of nitrogen leaching on 155 
aquatic ecosystems5.  A central tenet of future nitrogen management is that agricultural productivity 156 
can be increased in a cost effective manner with limited environmental impacts through increased 157 
nitrogen use efficiency (NUE) and reduced soil nitrogen surplus (Nsur)33,34.  Several recent studies have 158 
continued to assume that Nsur is directly analogous to nitrate pollution33,35,36 and recently developed 159 
models that do consider groundwater explicitly still ignore the vadose zone25.  Given the substantial 160 
lags present in the transport of nitrate from the soil zone to groundwater and surface water, we argue 161 
that use of Nsur alone as a metric to quantify impacts of agriculture on the aquatic environment is 162 
inappropriate.  Our modelling shows that the vadose zone is a globally significant store of nitrate which 163 
needs to be considered in future N budgets for more effective long-term nutrient management.  N 164 
storage in the vadose zone is most significant in areas where agricultural development and 165 
intensification occurred first and where there is a large depth to groundwater.  Storage of nitrate in 166 
the vadose zone is one of a number of temporary catchment retention processes such as storage in 167 
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soil organic matter8, subsoils, land not in agricultural production7, the riparian zone and in rivers6,37.  168 
These possible nitrogen stores and how they change through time (e.g N release through 169 
mineralisation of soil organic matter) should also be compared with storage in the vadose zone to 170 
determine whether they are significant enough to be incorporated into future nutrient budgets.  In 171 
combination, these processes will result in substantial delays in the impacts of changes in agricultural 172 
management practices on groundwater and surface water quality. 173 
 174 
 175 
Nitrate storage in the vadose zone has significant implications for environmental policy.  The need for 176 
internationally cooperative policy responses to nitrogen pollution to avoid shifting of pollution sources 177 
to areas with less stringent environmental controls has been established38.  However, development of 178 
such policies is in its infancy36.  Moreover, established policies in the developed world have been 179 
shown to be difficult to implement in areas where vadose zone lags are present.  For example, it is 180 
now widely acknowledged22,39 that original environmental targets set under the European Water 181 
Framework Directive40 and Nitrates Directive41 may not be met due to storage of nitrate in the vadose 182 
zone.  As a result, many river basin managers have been forced to consider new planning timescales 183 
accounting for these lags22.   184 
 185 
Recent work37 has called for the development of integrated pollution management policies which 186 
consider both pollution sources and temporary (e.g. vadose zone lags) and permanent (e.g. 187 
denitrification) retention processes at the basin scale.  Our work presented here provides a critical 188 
contribution to the literature in that we make the first global scale quantification of one of these 189 
temporary processes.  The spatial distribution of vadose zone N storage in 2000 (Figure 2) can give a 190 
first global indication to policymakers and decision-makers of where N legacy issues may be significant 191 
and delay improvements in groundwater and surface water quality.  In these areas, an understanding 192 
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of nitrate storage in the vadose zone can help managers in planning mitigation measures and the 193 
timescales and expectations for improvements in water quality.  With this quantification of vadose 194 
zone N storage and further research to quantify other retention processes at the global scale, 195 
development of integrated pollution management strategies at an international level should be 196 
possible.  Such an approach is critical for a realistic assessment of environmental impacts of global 197 
nitrogen flows associated with economic development and international trade36. 198 
   199 
The spatial coherence of the nitrate storage clusters (Figure 4) highlights the need for different 200 
management strategies to tackle nitrate pollution across developing and developed countries. In the 201 
developed world, a number of countries are already on a trajectory of declining soil N losses associated 202 
with sustainable intensification of agriculture33.  In the developing world, soil N losses are increasing 203 
associated with rapid early development of fertilized agriculture33. However, in both cases, catchment 204 
retention processes such as vadose zone storage must be considered.  Without consideration of these 205 
lags, which is often the case, nitrate pollution control policy may appear not to be working.  This may 206 
lead to more stringent but unnecessary measures that may adversely impact agricultural production 207 











Methods  217 
 218 
Estimates of Vadose Zone Travel Time 219 
Travel time in the vadose zone was derived by estimating the depth to groundwater and nitrate 220 
velocity.   Depth to groundwater mapping at 0.5 degree scale was derived from previously published 221 
global groundwater model forced by modern climate, terrain and sea level26.  Velocity of nitrate (VNO3, 222 




 (1) 224 
Where R is the recharge rate (m year-1) and ∅ is effective porosity (dimensionless).  Global 225 
groundwater recharge mapping was derived from the PCR-GLOBWB model42 which has been used 226 
extensively in global scale hydrological modelling43-45.  PCR-GLOBWB calculates vertical water fluxes 227 
between 2 soil layers and groundwater based on unsaturated hydraulic conductivity estimates for 228 
each layer46.   Unsaturated hydraulic conductivity was calculated using the degree of saturation of 229 
each layer.  This was calculated based on average, saturated and residual soil moisture content, in 230 
turn derived by depth of water storage in each layer and the layer thickness.  Global soil mapping47 231 
and soil moisture characteristic curves48 were used to derive soil physical relationships for each layer, 232 
tabulated moisture retention, matric potential and unsaturated hydraulic conductivity values.   233 
 234 
Whilst recharge estimates derived using PCR-GLOBWB account for increased hydraulic conductivity 235 
with increased saturation, vadose zone velocities can also decrease with increased saturation 236 
associated with an increased cross-sectional area of flow49.  Based on previous catchment and regional 237 
scale approaches22,49-51, we accounted for this process separately from recharge in the calculation of 238 
deep vadose zone travel times.   Estimates of travel time through the deep vadose zone calculated 239 
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using equation 1 assumes a fully saturated matrix.  This is supported by work which shows that vadose 240 
zone velocities calculated using this method agree well with observed velocities derived from vadose 241 
zone porewater profiles in limestone and sandstone aquifers10.  However, in partially saturated media, 242 
assuming 100% effective saturation will result in unsaturated zone velocities being underestimated 243 
and hence vadose zone storage being overestimated.  N storage in vadose zones of strongly karstified 244 
aquifers with limited matrix porosity will also be overestimated using this method.  Global geological 245 
maps do not differentiate between karst and non-karst sedimentary carbonate rocks52, so we explored 246 
the impact of these assumptions on model results through sensitivity analysis (see below).   247 
 248 
Estimates of Nitrate Leaching from the base of the soil zone 249 
Nitrate leaching (Nleach, kg N 0.5 degree grid cell-1 year-1, same units for all N budget terms) at the base 250 
of the soil zone was derived from the global nutrient model IMAGE25 for 1900 to 2000.  IMAGE has 251 
been detailed extensively elsewhere4,25,53 and the key soil zone N inputs, outputs and processes are 252 
described here for clarity and illustrated in Supplementary Fig. 1.  IMAGE uses the concept of an annual 253 
steady state soil N budget surplus, defined as the balance between soil N inputs and outputs for a unit 254 
land area. Storage and release of N associated with changes in soil organic matter through time are 255 
not considered.  Historic land cover data54 at the 0.5 degree scale which distinguishes between 9 256 
agricultural land use types and 17 different natural ecosystems was used as a basis to derive 5 broad 257 
land use groups for the soil N budget estimation (Supplementary Fig. 1).  The soil N budget (Nbudget) is 258 
calculated as follows: 259 
ୠܰ୳ୢ୥ୣ୲ =  ୤ܰ୧୶ + ୢܰୣ୮  + ୤ܰୣ୰୲  + ܰ୫ୟ୬ − ܰ୵୧୲୦ୢ୰  − ୴ܰ୭୪ (2) 260 
Where Nfix is biological nitrogen fixation, Ndep is atmospheric N deposition, Nfert is application of N 261 
fertilizer, Nman is addition of manure and Nwithdr and Nvol are loss terms for N withdrawal from 262 
harvesting and ammonia volatilisation respectively. 263 
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Biological nitrogen fixation in leguminous (pulses and soybeans) crops and natural ecosystems was 264 
estimated by crop production data and N content4,55.  It was assumed that total biomass of leguminous 265 
crops was twice that of the harvested product, and that N is also released to the soil during the 266 
growing season53. Fixed N is available for harvesting, or volatilisation and leaching if released to the 267 
soil.  Total N fixation during the growing season was therefore derived by multiplying the N in 268 
harvested product by 3 to account for this additional unharvested biomass and the plant-soil N flux53.    269 
Atmospheric N deposition for the year 2000 was estimated from an ensemble of global atmospheric 270 
chemistry models56 and estimated for 1900 to 2000 by scaling the N deposition field with historic 271 
emissions inventories4. Country level N fertilizer application rates divided by land use for 1900 to 2000 272 
were derived from global databases55,57 and data on fixed N use in 191358.  Country animal population 273 
data in conjunction with N excretion rate estimates59 were used to estimate addition of N in manure 274 
form.   Animal populations back to 1900 were derived from statistical compilations by Mitchell60-62 and 275 
scaling of human population data63 for poultry and camels where data was limited.  N loss through 276 
ammonia volatilisation was estimated using a empirical model of c. 1700 field measurements across 277 
a range of different crop types, fertilizer types and applications and environmental conditions64. 278 
Removal of N through harvesting was estimated from country crop production data, crop dry matter 279 
and N content estimates65.  N budget inputs and outputs derived from crop type and production data 280 
(Nfix, Nman, Nwithdr, Nvol) were estimated back to 1900 by scaling 1960 crop production data with 281 
population numbers and land use data in the HYDE database66.   282 
 283 
It is assumed that all reduced N compounds are nitrified to nitrate such that Nbudget  = soil nitrate53. 284 
When Nbudget is positive, leaching, surface runoff and denitrification can occur.  N leaching (Nleach) at 285 
the base of the soil zone is a fraction of the soil N budget excluding N loss via surface runoff (Nsro): 286 
୪ܰୣୟୡ୦ =  ୪݂ୣୟୡ୦൫ ୠܰ୳ୢ୥ୣ୲  − ୱܰ୰୭൯ (3) 287 
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Where the soil leaching fraction, fleach, is complementary to the fraction of soil N lost by denitrification 288 
(fden): 289 
݂ୢ ୣ୬ = 1 − ୪݂ୣୟୡ୦ (4) 290 
fleach is estimated empirically using 5 denitrification factors , each with a range from 0 to 1, with a 291 
maximum value of 1: 292 
୪݂ୣୟୡ୦ = ൣ1 − ܯܫܰሾ( ୡ݂୪୧୫ୟ୲ୣ + ୲݂ୣ୶୲ + ݂ୢ ୰ୟ୧୬ + ୱ݂୭ୡ), 1ሿ൧ ୪݂ୟ୬ୢ୳ୱୣ (5) 293 
Where fclimate, ftext, fdrain, fsoc and flanduse are factors representing climate, soil texture, aeration, soil 294 
organic carbon content and landuse respectively25. fclimate uses the Arrhenius equation and estimates 295 
of soil water capacity and potential recharge to estimate the effects of temperature and residence 296 
time on root zone denitrification25.  ftext, fdrain, fsoc were estimated using global scale mapping of soil 297 
texture, drainage and organic carbon content53,67.  flanduse was set to 1 for arable land areas, with 298 
grassland and natural vegetation having a value of 0.3668.  For further detail on soil N budget inputs, 299 
outputs and processes the reader is referred to previous modelling studies4,53. 300 
 301 
Calculation of Nitrate Storage in the Vadose Zone 302 
Nitrate storage in the vadose zone was calculated using a simple summation approach.  It was 303 
assumed that nitrate undertakes conservative transport in the vadose zone.  This is supported by 304 
numerous studies69 which showed that the evidence for vadose zone denitrification is very limited, 305 
with just 1-2% of the nitrate leached from the soil zone removed70.  In some specific local 306 
hydrogeological environments (e.g. where anaerobic conditions and organic carbon are present69) 307 
vadose zone denitrification may occur, and in these areas the model may overestimate nitrate storage.  308 
However, at the global scale this was considered negligible.  For a year t (years), the nitrate stored in 309 
14 
 
vadose zone, NVZ (Tg N) for a grid cell with a vadose travel time, TTVZ (year) and a time-variant nitrate 310 





Global maps of the model input datasets and the derived vadose zone storage for the year 2000 are 313 
shown in Supplementary Fig. 2.  We derive changes in nitrate storage in the vadose zone through time 314 
using a simple mass balance approach; 315 
୪ܰୣୟୡ୦౪ − ୭ܰ୳୲୲ =  ∆ ୚ܰ୞ (7) 316 
Where Nout (kg N) is the nitrate flux from the unsaturated zone to the saturated zone and ∆ ୚ܰ୞ (kg N) 317 
is the change in nitrate storage in the vadose zone.    318 
 319 
Sensitivity and Cluster Analysis 320 
We undertook a heuristic sensitivity analysis by running the model using different inputs.  We 321 
separately varied the vadose zone travel time and nitrate leaching input by +/-50%.  We also varied 322 
vadose zone effective saturations (0.25, 0.5, 0.75 and 1) to account for variable cross-sectional area 323 
of flow in partially saturated media. 324 
 325 
We aggregated vadose zone N storage data by lithology and catchments.  We separated areas 326 
underlain by sedimentary carbonate rocks27 to account for rapid vadose zone transport in karstic 327 
aquifers with limited matrix porosity, and hence limited N storage.  We normalised the catchment 328 
nitrate storage responses for 1900 – 2000 and used k-means clustering28 to identify spatial patterns 329 
of N storage responses.  2, 3 and 4 clusters were tested and 3 gave the most coherent spatial pattern.  330 
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For each of the clusters we calculated the mean annual nitrate leaching input for 1900 – 2000 and the 331 
kernel density distribution of travel times for the catchments within the cluster. 332 
 333 
Model Validation 334 
We undertook a 2 step model validation: (1) Comparison against previously published national and 335 
catchment scale estimates of nitrate storage and (2) Comparison against nitrate concentrations in 336 
groundwater.  Recent work has given estimates of nitrate storage for the United Kingdom and the 337 
USA9 and for the Thames catchment6, England.  We estimated nitrate concentrations in recharge at 338 




Modelled estimates of nitrate concentrations in recharge were compared against observed 341 
groundwater nitrate data for Europe29 and America30.  It should be noted that this comparison does 342 
not directly validate estimates of nitrate storage.  Comparison against observed nitrate concentrations 343 
in groundwater provides a sense-check that the nitrate inputs and vadose zone travel time estimates 344 
are reasonable.  345 
 346 
Data Availability  347 
 348 
Global input datasets (depth to groundwater table, recharge rate, porosity and nitrate leaching) and 349 
model validation data (groundwater nitrate concentrations) are publically available from the 350 
references cited in the Methods section.  Vadose zone nitrate storage data generated during the 351 





1 Galloway, J. N. et al. Nitrogen cycles: past, present, and future. Biogeochemistry 70, 153-226 355 
(2004). 356 
2 Kapoor, A. & Viraraghavan, T. Nitrate removal from drinking water-review. Journal of 357 
Environmental Engineering 123, 371-380 (1997). 358 
3 Vitousek, P. M. et al. Human alteration of the global nitrogen cycle: sources and 359 
consequences. Ecological Applications 7, 737-750 (1997). 360 
4 Bouwman, L. et al. Exploring global changes in nitrogen and phosphorus cycles in agriculture 361 
induced by livestock production over the 1900–2050 period. Proceedings of the National 362 
Academy of Sciences 110, 20882-20887, doi:10.1073/pnas.1012878108 (2013). 363 
5 Fowler, D. et al. The global nitrogen cycle in the twenty-first century. Philosophical 364 
Transactions of the Royal Society of London B: Biological Sciences 368, 20130164 (2013). 365 
6 Worrall, F., Howden, N. J. K. & Burt, T. P. Evidence for nitrogen accumulation: the total 366 
nitrogen budget of the terrestrial biosphere of a lowland agricultural catchment. 367 
Biogeochemistry 123, 411-428, doi:10.1007/s10533-015-0074-7 (2015). 368 
7 Worrall, F., Burt, T., Howden, N. & Whelan, M. Fluvial flux of nitrogen from Great Britain 369 
1974–2005 in the context of the terrestrial nitrogen budget of Great Britain. Global 370 
Biogeochemical Cycles 23 (2009). 371 
8 Meter, K. J. V., Basu, N. B., Veenstra, J. J. & Burras, C. L. The nitrogen legacy: emerging 372 
evidence of nitrogen accumulation in anthropogenic landscapes. Environmental Research 373 
Letters 11, 035014 (2016). 374 
9 Ascott, M. J., Wang, L., Stuart, M. E., Ward, R. S. & Hart, A. Quantification of nitrate storage 375 
in the vadose (unsaturated) zone: a missing component of terrestrial N budgets. 376 
Hydrological Processes 30, 1903-1915, doi:10.1002/hyp.10748 (2016). 377 
10 Wang, L. et al. Prediction of the arrival of peak nitrate concentrations at the water table at 378 
the regional scale in Great Britain. Hydrological Processes 26, 226-239, 379 
doi:10.1002/hyp.8164 (2012). 380 
11 Kurtzman, D., Shapira, R. H., Bar-Tal, A., Fine, P. & Russo, D. Nitrate fluxes to groundwater 381 
under citrus orchards in a Mediterranean climate: Observations, calibrated models, 382 
simulations and agro-hydrological conclusions. Journal of Contaminant Hydrology 151, 93-383 
104, doi:https://doi.org/10.1016/j.jconhyd.2013.05.004 (2013). 384 
12 Wellings, S. R. & Bell, J. P. Movement of water and nitrate in the unsaturated zone of Upper 385 
Chalk near Winchester, Hants., England. Journal of Hydrology 48, 119-136, 386 
doi:http://dx.doi.org/10.1016/0022-1694(80)90070-0 (1980). 387 
13 Rudolph, D. L., Devlin, J. F. & Bekeris, L. Challenges and a Strategy for Agricultural BMP 388 
Monitoring and Remediation of Nitrate Contamination in Unconsolidated Aquifers. 389 
Groundwater Monitoring & Remediation 35, 97-109, doi:10.1111/gwmr.12103 (2015). 390 
14 McMahon, P. B. et al. Storage and transit time of chemicals in thick unsaturated zones under 391 
rangeland and irrigated cropland, High Plains, United States. Water Resources Research 42, 392 
doi:10.1029/2005WR004417 (2006). 393 
15 Costa, J. L. et al. Nitrate contamination of a rural aquifer and accumulation in the 394 
unsaturated zone. Agricultural Water Management 57, 33-47, 395 
doi:https://doi.org/10.1016/S0378-3774(02)00036-7 (2002). 396 
16 Pratt, P. F., Jones, W. W. & Hunsaker, V. E. Nitrate in Deep Soil Profiles in Relation to 397 
Fertilizer Rates and Leaching Volume. Journal of Environmental Quality 1, 97-101, 398 
doi:10.2134/jeq1972.00472425000100010024x (1972). 399 
17 
 
17 Gvirtzman, H. & Magaritz, M. Investigation of Water Movement in the Unsaturated Zone 400 
Under an Irrigated Area Using Environmental Tritium. Water Resources Research 22, 635-401 
642, doi:10.1029/WR022i005p00635 (1986). 402 
18 Spalding, R. F. & Kitchen, L. A. Nitrate in the Intermediate Vadose Zone Beneath Irrigated 403 
Cropland. Ground Water Monitoring & Remediation 8, 89-95, doi:10.1111/j.1745-404 
6592.1988.tb00994.x (1988). 405 
19 Foster, S. S. D., Cripps, A. C. & Smith-Carington, A. Nitrate Leaching to Groundwater. 406 
Philosophical Transactions of the Royal Society B: Biological Sciences 296, 477-489, 407 
doi:10.1098/rstb.1982.0021 (1982). 408 
20 Mercado, A. Nitrate and chloride pollution of aquifers: A regional study with the aid of a 409 
single-cell model. Water Resources Research 12, 731-747, doi:10.1029/WR012i004p00731 410 
(1976). 411 
21 Johnston, C. T. et al. Ground Water Age and Nitrate Distribution Within a Glacial Aquifer 412 
Beneath a Thick Unsaturated Zone. Groundwater 36, 171-180, doi:10.1111/j.1745-413 
6584.1998.tb01078.x (1998). 414 
22 Fenton, O., Schulte, R. P. O., Jordan, P., Lalor, S. T. J. & Richards, K. G. Time lag: a 415 
methodology for the estimation of vertical and horizontal travel and flushing timescales to 416 
nitrate threshold concentrations in Irish aquifers. Environmental Science & Policy 14, 419-417 
431, doi:http://dx.doi.org/10.1016/j.envsci.2011.03.006 (2011). 418 
23 Wang, L. et al. The changing trend in nitrate concentrations in major aquifers due to 419 
historical nitrate loading from agricultural land across England and Wales from 1925 to 2150. 420 
Science of the Total Environment 542, 694-705 (2016). 421 
24 Wang, L., Butcher, A., Stuart, M., Gooddy, D. & Bloomfield, J. The nitrate time bomb: a 422 
numerical way to investigate nitrate storage and lag time in the unsaturated zone. 423 
Environmental Geochemistry and Health 35, 667-681 (2013). 424 
25 Beusen, A. H. W., Van Beek, L. P. H., Bouwman, A. F., Mogollón, J. M. & Middelburg, J. J. 425 
Coupling global models for hydrology and nutrient loading to simulate nitrogen and 426 
phosphorus retention in surface water – description of IMAGE-GNM and analysis of 427 
performance. Geosci. Model Dev. Discuss. 8, 7477-7539, doi:10.5194/gmdd-8-7477-2015 428 
(2015). 429 
26 Fan, Y., Li, H. & Miguez-Macho, G. Global Patterns of Groundwater Table Depth. Science 339, 430 
940-943, doi:10.1126/science.1229881 (2013). 431 
27 Gleeson, T., Moosdorf, N., Hartmann, J. & van Beek, L. P. H. A glimpse beneath earth's 432 
surface: GLobal HYdrogeology MaPS (GLHYMPS) of permeability and porosity. Geophysical 433 
Research Letters 41, 2014GL059856, doi:10.1002/2014GL059856 (2014). 434 
28 Webster, R. & Oliver, M. A. Statistical methods in soil and land resource survey.  (Oxford 435 
University Press (OUP), 1990). 436 
29 European Environment Agency. Waterbase - Groundwater, 437 
<https://www.eea.europa.eu/data-and-maps/data/waterbase-groundwater-6> (2015). 438 
30 USGS. Water Quality Portal, <http://waterqualitydata.us/> (2015). 439 
31 Prentice, I. Terrestrial nitrogen cycle simulation with a dynamic global vegetation model. 440 
Global Change Biology 14, 1745-1764 (2008). 441 
32 Lin, B.-L., Sakoda, A., Shibasaki, R., Goto, N. & Suzuki, M. Modelling a global biogeochemical 442 
nitrogen cycle in terrestrial ecosystems. Ecological Modelling 135, 89-110 (2000). 443 
33 Zhang, X. et al. Managing nitrogen for sustainable development. Nature 528, 51-59, 444 
doi:10.1038/nature15743 (2015). 445 
34 Stefan, R. et al. Synthesis and review: Tackling the nitrogen management challenge: from 446 
global to local scales. Environmental Research Letters 11, 120205 (2016). 447 
35 Mekonnen, M. M. & Hoekstra, A. Y. Global gray water footprint and water pollution levels 448 
related to anthropogenic nitrogen loads to fresh water. Environmental Science & Technology 449 
49, 12860-12868 (2015). 450 
18 
 
36 Oita, A. et al. Substantial nitrogen pollution embedded in international trade. Nature Geosci 451 
9, 111-115, doi:10.1038/ngeo2635 452 
http://www.nature.com/ngeo/journal/v9/n2/abs/ngeo2635.html#supplementary-information 453 
(2016). 454 
37 Bruna, G. et al. The role of water nitrogen retention in integrated nutrient management: 455 
assessment in a large basin using different modelling approaches. Environmental Research 456 
Letters 10, 065008 (2015). 457 
38 Bodirsky, B. L. et al. Reactive nitrogen requirements to feed the world in 2050 and potential 458 
to mitigate nitrogen pollution. Nature Communications 5, 3858, doi:10.1038/ncomms4858 459 
http://www.nature.com/articles/ncomms4858#supplementary-information (2014). 460 
39 Cherry, K., Shepherd, M., Withers, P. & Mooney, S. Assessing the effectiveness of actions to 461 
mitigate nutrient loss from agriculture: A review of methods. Science of the Total 462 
Environment 406, 1-23 (2008). 463 
40 European Union. Directive 2000/60/EC of the European Parliament and of the Council 464 
establishing a framework for the Community action in the field of water policy.  (European 465 
Union, 2000). 466 
41 European Union. Council Directive 91/676/EEC of 12 December 1991 concerning the 467 
protection of waters against pollution caused by nitrates from agricultural sources (European 468 
Union, 1991). 469 
42 Wada, Y. et al. Global depletion of groundwater resources. Geophysical Research Letters 37 470 
(2010). 471 
43 Bierkens, M. F. P. Global hydrology 2015: State, trends, and directions. Water Resources 472 
Research 51, 4923-4947, doi:10.1002/2015WR017173 (2015). 473 
44 Gleeson, T., Wada, Y., Bierkens, M. F. P. & van Beek, L. P. H. Water balance of global aquifers 474 
revealed by groundwater footprint. Nature 488, 197-200, 475 
doi:http://www.nature.com/nature/journal/v488/n7410/abs/nature11295.html#supplemen476 
tary-information (2012). 477 
45 Gleeson, T., Befus, K. M., Jasechko, S., Luijendijk, E. & Cardenas, M. B. The global volume and 478 
distribution of modern groundwater. Nature Geosci 9, 161-167, doi:10.1038/ngeo2590 479 
http://www.nature.com/ngeo/journal/v9/n2/abs/ngeo2590.html#supplementary-information 480 
(2016). 481 
46 Van Beek, L. & Bierkens, M. F. The global hydrological model PCR-GLOBWB: 482 
conceptualization, parameterization and verification. Utrecht University, Utrecht, The 483 
Netherlands (2009). 484 
47 Sanchez, P. A. et al. Digital Soil Map of the World. Science 325, 680-681, 485 
doi:10.1126/science.1175084 (2009). 486 
48 Clapp, R. B. & Hornberger, G. M. Empirical equations for some soil hydraulic properties. 487 
Water Resources Research 14, 601-604, doi:10.1029/WR014i004p00601 (1978). 488 
49 Sousa, M. R., Jones, J. P., Frind, E. O. & Rudolph, D. L. A simple method to assess unsaturated 489 
zone time lag in the travel time from ground surface to receptor. Journal of Contaminant 490 
Hydrology 144, 138-151, doi:https://doi.org/10.1016/j.jconhyd.2012.10.007 (2013). 491 
50 Vero, S. E. et al. Consequences of varied soil hydraulic and meteorological complexity on 492 
unsaturated zone time lag estimates. Journal of Contaminant Hydrology 170, 53-67, 493 
doi:https://doi.org/10.1016/j.jconhyd.2014.10.002 (2014). 494 
51 Wilson, S. & Shokri, A. Estimation of lag time of water and nitrate flow through the Vadose 495 
Zone: Waikato and Waipa River Catchments.  (2015). 496 
52 Gleeson, T. et al. Mapping permeability over the surface of the Earth. Geophysical Research 497 
Letters 38, doi:10.1029/2010GL045565 (2011). 498 
19 
 
53 Van Drecht, G., Bouwman, A. F., Knoop, J. M., Beusen, A. H. W. & Meinardi, C. R. Global 499 
modeling of the fate of nitrogen from point and nonpoint sources in soils, groundwater, and 500 
surface water. Global Biogeochemical Cycles 17, doi:10.1029/2003GB002060 (2003). 501 
54 Zuidema, G., van den Born, G. J., Alcamo, J. & Kreileman, G. J. J. Simulating changes in global 502 
land cover as affected by economic and climatic factors. Water, Air, and Soil Pollution 76, 503 
163-198, doi:10.1007/bf00478339 (1994). 504 
55 FAO. FAOSTAT Database Collections.  (FAO, 2008). 505 
56 Dentener, F. et al. The Global Atmospheric Environment for the Next Generation. 506 
Environmental Science & Technology 40, 3586-3594, doi:10.1021/es0523845 (2006). 507 
57 FAO. Yearbook of Food and Agricultural Statistics 1950. Production. Vol. IV (Food and 508 
Agriculture Organization of the United Nations, 1951). 509 
58 Cressy, M. A. Man in a Chemical World. The Service of Chemical Industry.  (C. Scribner’s Sons, 510 
1937). 511 
59 Van der Hoek, K. W. Nitrogen efficiency in global animal production. Environmental Pollution 512 
102, 127-132, doi:http://dx.doi.org/10.1016/S0269-7491(98)80025-0 (1998). 513 
60 Mitchell, B. R. International Historical Statistics, The Americas: 1750-1988.  817 (MacMillan, 514 
1993). 515 
61 Mitchell, B. R. International Historical Statistics, Africa, Asia & Oceania: 1750-1993.  516 
(MacMillan, 1993). 517 
62 Mitchell, B. R. International Historical Statistics, Europe: 1750-1993.  (MacMillan, 1998). 518 
63 Goldewijk, K. K., Beusen, A. & Janssen, P. Long-term dynamic modeling of global population 519 
and built-up area in a spatially explicit way: HYDE 3.1. The Holocene 20, 565-573, 520 
doi:doi:10.1177/0959683609356587 (2010). 521 
64 Bouwman, A. F., Boumans, L. J. M. & Batjes, N. H. Estimation of global NH3 volatilization loss 522 
from synthetic fertilizers and animal manure applied to arable lands and grasslands. Global 523 
Biogeochemical Cycles 16, 8-1-8-14, doi:10.1029/2000GB001389 (2002). 524 
65 Bouwman, A. F., Van der Hoek, K. W., Eickhout, B. & Soenario, I. Exploring changes in world 525 
ruminant production systems. Agricultural Systems 84, 121-153, 526 
doi:http://dx.doi.org/10.1016/j.agsy.2004.05.006 (2005). 527 
66 Klein Goldewijk, K., Beusen, A., van Drecht, G. & de Vos, M. The HYDE 3.1 spatially explicit 528 
database of human-induced global land-use change over the past 12,000 years. Global 529 
Ecology and Biogeography 20, 73-86, doi:10.1111/j.1466-8238.2010.00587.x (2011). 530 
67 Batjes, N. H. A world dataset of derived soil properties by FAO–UNESCO soil unit for global 531 
modelling. Soil Use and Management 13, 9-16, doi:10.1111/j.1475-2743.1997.tb00550.x 532 
(1997). 533 
68 Keuskamp, J. A., van Drecht, G. & Bouwman, A. F. European-scale modelling of groundwater 534 
denitrification and associated N2O production. Environmental Pollution 165, 67-76, 535 
doi:http://dx.doi.org/10.1016/j.envpol.2012.02.008 (2012). 536 
69 Rivett, M. O., Buss, S. R., Morgan, P., Smith, J. W. & Bemment, C. D. Nitrate attenuation in 537 
groundwater: a review of biogeochemical controlling processes. Water research 42, 4215-538 
4232 (2008). 539 
70 Rivett, M. O., Smith, J. W. N., Buss, S. R. & Morgan, P. Nitrate occurrence and attenuation in 540 
the major aquifers of England and Wales. Quarterly Journal of Engineering Geology and 541 
Hydrogeology 40, 335-352, doi:10.1144/1470-9236/07-032 (2007). 542 







The research was funded by the British Geological Survey’s Groundwater Directorate National 548 
Capability programme (Natural Environment Research Council). This paper is published with 549 
permission of the Executive Director, British Geological Survey (NERC). 550 
Author Contributions 551 
 552 
MJA conceived the research and undertook the modelling. MJA, DCG and RSW devised the cluster 553 
analysis approach. LW, MES, MAL and AMB developed the conceptual framework for unsaturated 554 
zone modelling.  All authors contributed to the data analysis and interpretation and paper writing. 555 
Competing financial interests 556 
 557 
The authors declare no competing financial interests. 558 
 559 
Materials and Correspondence 560 
 561 




























+/- 50% Travel Time
+/- 50% Nitrate Leaching
 567 
Figure 1: Modelled global increase in nitrate (Tg N) stored in the vadose zone for 1900-2000 under the baseline model 568 















Figure 3: Distributions of observed (blue) nitrate concentrations in groundwater and modelled (red) nitrate concentrations 575 
in recharge at the water table for the European Union29 ((a) and (b)) and the United States30 ((c) and (d)).  Purple colour in 576 
the histogram indicates where the model and observed concentration distributions overlap. 577 
 578 
 579 
Figure 4: Spatial distribution of the nitrate storage clusters (a), nitrate storage cluster centroids (b), distribution of vadose 580 
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